Anisotropic effects in hexagonal aluminium nitride have been studied by electron energy-loss spectroscopy (EELS) in the N-K energy loss near edge structure (ELNES). Experimental data acquired with different collection angles and with a nearly parallel incident electron beam aligned along the c -axis have been compared to simulations based on ab initio calculations. The extraction of intrinsic parallel I || (with momentum transfer q || c axis) and perpendicular (with momentum transfer q c axis) components has been performed directly from the experimental spectra. This has been done according to their description as linear combinations of I || and , with adequate weights deduced from a geometrical model of anisotropic behaviour.
Introduction
Aluminium nitride (AlN) is a large band gap semiconductor widely used for tunable optoelectronic, high-temperature and high-power devices. Its crystallographic similarity with GaN (hexagonal wurtzite structure) makes it suitable for producing GaN/AlN heterostructures, such as quantum wells or quantum dots. Electron energy-loss spectroscopy (EELS) is a powerful tool for investigating the electronic structure of materials, owing to its good spatial resolution and energy resolution, in the subnanometre range and 0.5-1 eV range, respectively. Thus, EELS studies of aluminium nitride have already been reported (Serin et al ., 1998; . Since EELS allows electron excitations from core levels to be investigated, it provides experimental data that can be compared to theoretical calculations of electronic structures, as a complement to X-ray absorption spectroscopy (XAS).
In the dipole approximation, valid in the limit of the smallangle scattering, which is the case in our study, the differential inelastic cross-section for an atom in a crystal excited by an incident fast electron is proportional to:
(1) where | i > is the initial core state, | f > is a final unoccupied band state, and E i and E f are the energies of the initial and final states, respectively. The energy loss is denoted by E and q = k i − k f is the momentum transfered from the fast electron to the excited electron. The dipole transition operator q . r in Eq. (1) projects out the orbitals along the scattering vector q . This vector plays the same role as the polarization vector ε in XAS experiments. As a consequence, anisotropic effects are expected in low-symmetry compounds. In an electron microscope, the ability of selecting the direction of q relative to the crystal axis via the collection angle and the sample orientation allows the observation of these anisotropic effects. In uniaxial anisotropic structures, such as hexagonal compounds, p z orbitals are excited at K edges when q is parallel to the c axis, and (p x ,p y ) orbitals are excited when q is perpendicular to the c axis. It is then convenient to call I || and the ideal spectra produced when q is, respectively, strictly parallel or perpendicular to the c axis.
Experimental and theoretical studies of the angular dependence of the near edge structures can be found in the literature. For example, the strong anisotropy of the bonding in the well-known case of graphite-type structures has been approached through the low-loss features in hexagonal BN (Cazaux, 1970; Moreau & Cheynet, 2003) or through core loss excitations in graphite and BN (Leapman et al ., 1983; Souche et al ., 1998) . While some data exist in XAS (see Duda et al ., 1998; Lawniczak-Jablonska et al ., 2000) , no detailed EELS analysis of the anisotropic behaviour of AlN has been reported so far. The aim of the present work is then to investigate N-K edge spectra under experimental conditions at which they are sensitive to anisotropy. Experimental data have been compared to simulations of ELNES (energy loss near edge structure) taking into account the anisotropy effect, and based upon ab initio band structure calculations. In particular, the main goals of this study are: 1 To check how different the intrinsic responses I || and are; strictly speaking, those components are difficult to record properly in practice (see Materials and methods). 2 To extract these components from experiments, if their relative weights are known for specific acquisition conditions.
Materials and methods

Electron microscopy
TEM plan view samples were prepared by conventional techniques, i.e. mechanical polishing and Ar ion-beam milling from (0001)AlN MOCVD substrates. Electron energy-loss spectra were recorded using two electron microscopes: a JEOL 2010F equipped with a Shottky field emission cathode and a Gatan DigiPEELS parallel spectrometer operating under the EL/P software and a JEOL 3010 instrument equipped with an LaB 6 filament and a Gatan Imaging Filter (GIF) controlled by the Digital Micrograph software. EELS spectra of the N-K edge near 400 eV were acquired according to the experimental conditions summarized in Table 1 . Although the energy resolution was not specifically optimized, regarding the long acquisition times required for small collection angles (see Table 1 ), it has been evaluated as 1.3 ± 0.2 eV for both microscopes. A final comparison of the experimental spectra acquired under those conditions with X-ray absorption data shows that the energy resolution is not a critical parameter for the study of the fine structure of the N-K edge in hexagonal AlN.
Modelling the anisotropy
There are various experimental ways to study the momentum dependence of ELNES. A review of these methods is given by Botton et al . (1995) . In our work, we used an approach which is similar to the one proposed by Browning et al . (1991) : for given convergence angle and crystallographic orientation of the sample, spectra are recorded with different collection angles, the spectrometer aperture being centred on the transmitted beam. In that way, momentum-dependent spectra are measured in the same area of the sample. In this approach, a direct and precise measurement of I || and components is very tricky to perform, since in principle, it should require convergence (2 α ) and collection (2 β ) angles equal to zero. In practice, 80-90% of the parallel component can be measured with a correct signal-to-noise ratio with a nearly parallel illumination ( α < 2 θ E ), the c axis of the crystal aligned with the optical axis and a sufficiently small collection angle ( β < 2 θ E ). As the size of the collection aperture is increased, the perpendicular component becomes pre-eminant. In practice, the EELS response is a linear combination of I || and ; the relative weights of these two components, which strongly depend on the experimental angular conditions, have been calculated by different authors (Menon & Yuan, 1998; Gloter et al ., 2000) . According to Gloter et al. when the c axis coincides with the optical axis of the microscope (i.e. the ideal parallel orientation, see Fig. 1 ), the parallel weight ω || can be roughly obtained by integration of the parallel component of the scattering vector ( q · k i ) 2 / q 2 · , taking into account the finite convergence and collection angles:
This expression depends on the angular factor S ( θ ) = 1/( θ 2 + ) from the inelastic scattering cross-section, which appears when the dipole approximation is used. The characteristic angle θ E = E /2 γ T (where E is the energy loss and γ T is the relativistically corrected kinetic energy of the incoming electron) is 1.16 mrad at 200 keV and 0.82 mrad at 300 keV for the 
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ELNES simulation with the Wien97 code
The electronic structure of hexagonal AlN has been calculated with the Wien97 code (Blaha et al ., 1999) . This code is based on the density functional theory, and uses the full potential linearized augmented plane wave method (FLAPW). This band structure method only gives the ground state electronic structure and does not include the core hole effects, i.e. the local modification of the crystal potential which arises when an electron is excited from a core state to an empty band state. This local change in the potential, which induces a local change in the wave function which describes the ejected electron, influences the shape of the ionization edge. In an EELS experiment, the difference in timescale between the excitation process itself and the average time between two excitations is large enough to consider core shell excitations as independent events (Paxton et al . 2000) . Since band structure calculations require periodic boundary conditions, the only way to get a spatial separation between two excited atoms, and then avoid their interaction, is to put an ionized atom into a large supercell.
According to these criteria, a self-consistent calculation has been performed using a 32-atoms supercell (2 × 2 × 2 unit cells) with one ionized N atom (occupation of the 1s core state reduced to 1). In order to preserve the electrical neutrality, the electron missing at the 1s core level of the excited atom has been balanced with a uniform background of negative charge. 125 k points have been used in the first Brillouin zone, and the muffin-tin radii have been chosen equal to 1.85 a.u. and 1.65 a.u. for Al and N, respectively. Note that calculation performed with 8 × 125 k points, a unit cell and no core hole leads to DOS in good argreement with those of previous studies (Serin et al ., 1998) . The parameter R mt K max (where R mt is the smallest of all atomic sphere radii, and K max is the cut-off in the plane wave expansion of wave functions) has been fixed to 7 and the maximum angular momentum for the radial wave functions l max was chosen as 10. Exchange correlation effects have been taken into account within the generalized gradient approximation. Parallel and perpendicular theoretical components have been calculated with the Telnes program (Hébert- Souche et al ., 2000) .
Results
Evolution of N-K ELNES with collection angle
Figure 2(a) shows a first experimental series of normalized spectra recorded with the transmitted beam in the parallel orientation, a nearly parallel incident beam ( α = 0.5 mrad) and different collection semi-angles β . The normalization procedure will be discussed in the next section. The two major differences when increasing the collection angle are the increasing intensity of the central peak among the three major peaks between 400 and about 406 eV, and the decrease and slight shift towards lower energy losses of the minor peak near 410 eV. According to the experimental data sets ( α , β ) of Fig. 2(a) , the weight of the parallel contribution ω || has been calculated for each spectrum. The corresponding linear combinations ω || I || + (1 − ω || ) of theoretical components are reproduced in Fig. 2(b) . To account for the experimental energy resolution, the theoretical spectra have been convolved by a Gaussian of FWHM (full width at half-maximum) equal to 1.4 eV.
It can be seen that experimental and simulated spectra are in good agreement. In particular, the evolution vs. β is reasonably well reproduced, although the intensity of the first peak near 400 eV remains slightly higher in the theoretical spectra. Another minor discrepancy concerns the end of the spectra, i.e. energy losses about 15 eV after the edge onset, which shows finer details in the theoretical spectra: it can be partially attributed to the fact that the final state lifetime has not been considered here. This point will be discussed in the final section.
Extraction of the intrinsic components from experimental spectra
The good agreement between Fig. 2(a) and 2(b) validates the conditions used for both the weighting model and the theoretical I ⊥ calculations of the spectra to account for the anisotropy. The intrinsic components could then be extracted directly from experimental series. Figure 3 summarizes this approach. In Fig. 3(a) , two experimental spectra with significantly different β are shown. It should be noted that the largest β (i.e. β a = 3.66 mrad) corresponds to the maximal aperture allowing the Bragg reflections {1-100} to be safely excluded, while the lowest β (i.e. β b = 0.55 mrad) does correspond to a still reasonable signal-to-noise ratio. According to the anisotropy theory, the components I || and can be extracted by simply reversing the elementary set of equations: (3) where I a and I b are the experimental spectra acquired with β a and β b , respectively. In this approach, a very critical point is the way both I a and I b spectra are normalized. Absolute scaling is in fact very difficult from an experimental point of view (Browning et al., 1991) . Different methods have been applied in the literature, generally consisting of scaling the spectra far away from the edge onset, i.e. at energy losses at which the calculated crosssection should be orientation-independent (Menon & Yuan, 1998) . In the present work, it can be seen from Fig. 2(a) that the spectra exhibit little relative changes, while they obviously show a large difference in their absolute intensities, which is essentially due to differences in the total number of collected electrons. Thus, it appears reasonable to normalize them by integrating the intensity over a sufficiently large energy range, which was chosen between 395 and 430 eV. The extracted parallel and perpendicular components are shown in Fig. 3(b,c) , respectively, and compared to the calculated ones, displayed with the same proportionality factor. A good agreement is again obtained between the extracted and calculated signals. Not only are the ELNES features comparable, but so to are the average intensities, which further justifies the scaling method used in this case. The N-p z and N-p x + p y site and angular momentum projected densities of states (PDOS) are also shown in Fig. 3(b,c) , respectively.
Discussion and conclusion
These EELS results on the N-K edge in AlN are very comparable to previous studies by XAS (see Duda et al., 1998; LawniczakJablonska et al., 2000) . However, the better energy resolution of the latter works, of the order of 0.1-0.16 eV, allows a minor peak on the right-hand side of the most pre-eminent maximum near 404 eV to be resolved in the perpendicular component . A slight discrepancy concerns the height of the first peak near 400 eV, which is common to both orientations. In the work by Lawniczak-Jablonska et al. this peak is by far the most important one for the component I || , while this is not the case in the study by Duda et al. The height of this first peak is greatly influenced by the presence of oxygen: it has been shown that a slight superficial oxidation of the AlN enhances its intensity . The same result has also been found on AlN intentionally doped with oxygen (Serin et al., 1998) . In the present work, this first peak is not preeminent in both calculated and experimental spectra, and it has further been verified that no significant oxygen content is present.
In the present work, experimental results obtained under various angular conditions are fairly well described by numerical simulations. From a theoretical point of view, it should be mentioned that the near onset features are expected to be very sensitive to the way the core-hole is taken into account. A 'complete' core-hole has been used in our calculations, which indeed gives reasonable agreement with experimental results. As already mentioned, the calculated spectra show finer details at higher energy losses, which is due to the fact that the final state lifetime has not been considered. Experimentally, the finite lifetime of the ejected electron gives rise to an energy-dependent broadening of the spectrum. An analytical study, derived from the jellium model, has been adapted to account for this effect (Muller et al., 1998) ; however, it is not strictly applicable to a band-gap material. No attempt has been made in this work to improve the agreement between the calculated and experimental features in the high energyloss region.
If the extracted parallel and perpendicular components of the N-K edge in AlN show different shapes, they exhibit peaks at comparable energy losses. Only small variations in intensity are noticed. This makes the interpretation of the relative contributions in the ELNES not so direct compared to the classic cases of graphite or boron nitride. In these hexagonal layered structures, transitions occur from the 1s atomic state to π* and σ* antibonding orbitals, respectively, when the scattering vector is parallel or perpendicular to the c axis. These transitions lead to two π* and σ* peaks at different energies and therefore can be more easily attributed to one specific transition. In our case, much care has to be taken in order to extract those components from experimental data. These components strongly depend on the way the spectra have been normalized and on the signalto-noise ratio, which decreases with the collection angle.
This paper shows that in the case of uniaxial anistropic materials, acquisitions in the two parallel and perpendicular orientations (cross-section or plan view) can be avoided. Indeed, the intrinsic components I || and can be extracted directly from a unique sample using two spectra recorded with sufficiently different angular conditions. Working in a parallel orientation, i.e. the electron beam aligned along the c axis, a nearly parallel illumination (typically about 1 mrad or less) ensures that the I || weight varies sufficiently with the collection angle β: both parallel and perpendicular components can then reasonably be retrieved (using relations (3)), due to the fact that the relative weights ω || and (= 1 − ω || ) are sufficiently different for the two experimental spectra.
